Escherichia coli O157:H7 is a Shiga toxin (stx)-producing E. coli (STEC) strain that has been classified as an adulterant in U.S. beef. However, numerous other non-O157 STEC strains are associated with diseases of various severities and have become an increasing concern to the beef industry, regulatory officials, and the public. This study reports on the prevalence and characterization of non-O157 STEC in commercial ground beef samples (n ‫؍‬ 4,133) obtained from numerous manufacturers across the United States over a period of 24 months. All samples were screened by DNA amplification for the presence of Shiga toxin genes, which were present in 1,006 (24.3%) of the samples. Then, culture isolation of an STEC isolate from all samples that contained stx 1 and/or stx 2 was attempted. Of the 1,006 positive ground beef samples screened for stx, 300 (7.3% of the total of 4,133) were confirmed to have at least one strain of STEC present by culture isolation. In total, 338 unique STEC isolates were recovered from the 300 samples that yielded an STEC isolate. All unique STEC isolates were serotyped and were characterized for the presence of known virulence factors. These included Shiga toxin subtypes, intimin subtypes, and accessory virulence factors related to adherence (saa, iha, lifA), toxicity (cnf, subA, astA), iron acquisition (chuA), and the presence of the large 60-MDa virulence plasmid (espP, etpD, toxB, katP, toxB). The isolates were also characterized by use of a pathogenicity molecular risk assessment (MRA; based on the presence of various O-island nle genes). Results of this characterization identified 10 STEC isolates (0.24% of the 4,133 total) that may be considered a significant food safety threat, defined by the presence of eae, subA, and nle genes.
More than 70 different serotypes of Shiga toxin-producing Escherichia coli (STEC) that cause disease in humans have been described (13) . Illnesses range from mild diarrhea to bloody diarrhea to hemorrhagic colitis (HC) and hemolyticuremic syndrome (HUS). E. coli O157:H7 is the STEC strain most often associated with the most severe forms of disease (13, 60, 69) . However, numerous non-O157 STEC isolates have also been linked to illnesses and outbreaks of disease. Six O groups (comprising 13 serotypes) have been described by the CDC to be the cause of 71% of non-O157 STEC disease (13) . These serotypes have been identified as O26:H11 or nonmotile (NM); O45:H2 or NM; O103:H2, H11, H25; or NM; O111:H8 or NM; O121:H19 or H7; and O145:NM. The proportion of these non-O157 STEC serogroups breaks down as follows: 22% O26, 16% O111, 12% O103, 8% O121, 7% O45, and 5% O145. Although it is infrequently isolated and reported, it is estimated that non-O157 STEC may cause diarrhea at frequencies similar to those of other important enteric bacterial pathogens, such as Salmonella and Shigella (62) , and also cause infections resulting in HUS and outbreaks (13) . Due to difficulties confirming their presence in the lab, non-O157 STEC isolates are likely undercounted (31).
Cattle are recognized to be the reservoir of many STEC serotypes (46) . In fact, there are ample data on the prevalence of non-O157 STEC in cattle from fed beef through processing (1) and boneless beef trim destined for grinding (10) , but there is a lack of information on the prevalence of non-O157 STEC in finished ground beef. The study of beef trim destined for grinding showed that 10 to 30% of beef trim contained STEC (10) ; however, the results of blending the various lean and fat materials during production of ground beef on the rates of STEC present in the finished product are unknown.
An STEC seropathotype classification based upon the serotype and association with outbreaks, HUS, and diarrhea has been proposed by Karmali et al. (39) . This classification system is a tool to assess the clinical and public health risks associated with different non-O157 STEC strains. The predominant enterohemorrhagic E. coli (EHEC) serotype responsible for HC and HUS, O157:H7, is classified group A. The other non-O157 STEC serotypes recognized as belonging to the EHEC group comprising the 13 serotypes listed above are considered group B. Group C in this classification system is made up of strains referred to as atypical EHEC. The atypical EHEC strains are less frequently involved in hemorrhagic diseases than typical EHEC strains but are a frequent cause of diarrhea. The principal serotypes identified in group C are O91:H21, O113:H21, and O104:H21. STEC serotypes not associated with HC, HUS, or outbreaks are numerous and belong to groups D and E. These two groups are delineated from one another by their source. Group D strains have been isolated from humans, while group E strains have been isolated only from animals (39) .
Various factors and toxins contribute to the increasing virulence of STEC (72, 74) . Strains that produce Shiga toxin 2 (Stx2) and, more specifically, Shiga toxin 2 subtype c (Stx2c) have been suggested to be more likely to cause HUS than those that produce Shiga toxin 1 (Stx1) alone (9, 28) . Other toxins purported to increase virulence in strains are subtilase (subA) (41, 54, 75) , lymphocyte-activating factor (lifA also known as efa1) (42) , cytotoxic necrotizing factor (cnf) (7) , and heat-stable toxin (astA) (78) . EHEC strains contain a large heterologous virulence plasmid, referred to as the 60-MDa virulence plasmid, that contains a number of different genes associated with disease: espP, katP, eptD, toxB, and the EHEC hemolysin gene (ehx) (15, 16, 38, 50) . Other hemolysins, such as ChuA and HylA, have also been described to influence the iron acquisition and virulence of STEC (32, 68, 76) . Finally, there is a group of factors associated with adherence that influences virulence. Intimin (eae) is contained in the locus of enterocyte effacement (LEE) and along with the tir gene product is responsible for the intimate attachment and classic pedestal formation of the characteristic adherence-and-effacing (A/E) lesion in HC and HUS (46) . In the absence of intimin, other factors such as saa and iha that correlate with increased adherence have been identified (36, 55, 64) . The interplay between these various genes is not understood, but each has been described to provide an additional trait that increases virulence in STEC.
Finally, comparisons of the genomes of E. coli O157:H7 and E. coli K-12 have identified numerous islands of genetic material unique to each. The genomic regions specific to E. coli O157:H7 have been termed O islands [OIs] ). Studies of OIs 36, 57, 71, and 122 have identified genes associated with increased virulence (19, 39, 74) . In fact, a molecular risk assessment system for STEC strains based on the complement of these four OIs has been proposed (19) . This project aims to determine the prevalence of non-O157 STEC strains in commercial ground beef in the United States, identify the serotypes of the STEC present, and distinguish those serotypes that may be pathogenic STEC (pSTEC). There are essentially two approaches to defining pSTEC: either epidemiological (identifying serogroups, particularly the top six) or seropathotypic (on the basis of molecular markers associated with pathogenicity). We chose the broader second option, which offers a much larger set of results and which identifies as many pSTEC serogroups as possible. Narrowly focusing on only the described top six STEC serogroups poses the problem of identifying numerous isolates of little pathogenic concern while missing other significant pSTEC serogroups, especially since nearly one-third of pSTEC strains are not within the top six serogroups. Our goal was to not allow the impact of these other pSTEC serogroups to go unappreciated in our studies.
(Part of this work was presented by L. H. Gould at the Annual Capital Area Food Protection Association Meeting, Washington, DC, 14 September 2009.)
MATERIALS AND METHODS
Design. Four-thousand one-hundred thirty-three identity-blinded ground beef samples that had been collected previously were used (11) . The samples were collected by 18 different commercial ground beef producers from unique product lots produced on different days. No more than one sample per day per supplier was used in this study. The 18 producers were located in seven of the eight Beef Industry Food Safety Council (BIFSCo) regions of the United States over a period of 24 months (11) . The BIFSCo regions are 1, northwest (WA, OR, ID);  2, west (CA, NV); 3, southwest (AZ, NM, TX); 5, upper Midwest (NE, ND, SD,  MN, WS); 6, central (IA, KS, MO); 7, southeast (OK, AR, LA, NC, SC, FL, AL,  MS, GA, TN); and 8, northeast (IL, IN, KT, MS, ME, MD, MI, NJ, NY, NH, CN,  RI, OH, WV, VA, VT, PA, DE) . Region 4 (MT, CO, WY, UT) was not represented in the sample collection due to logistical problems. All samples were finished ground beef that had been screened by the manufacturer for E. coli O157:H7 before release. The presence of stx 1 and stx 2 genes was determined by PCR amplification. If Shiga toxin genes were present, the samples were processed using a phenotypic screening assay to isolate non-O157 STEC. STEC isolates were then characterized for serotype, the presence and subtype of virulence genes, as well as other toxin, adherence, and virulence plasmid-associated genes. Further, the presence of determinants within OIs 36, 57, 71, and 122 was determined, as was the resistance to antibiotics of each isolate.
Screening for Shiga toxin genes. The ground beef samples (65 g) were placed in 585 ml tryptic soy broth (TSB), incubated at 42°C for 6 h, and then held for 6 to 12 h at 4°C as previously described (11) . Two 1-ml portions of each enrichment were archived as frozen (Ϫ70°C) 30% glycerol stocks. Between 2 and 12 weeks after the date of freezing, 24 to 48 different glycerol stocks were thawed, vortexed to thoroughly mix, and maintained on ice. One microliter was removed from each and placed into a separate 25-l mixture for multiplex PCR that detected stx 1 , stx 2 , eae, and ehx and that was performed as previously described (51) . Products of the PCR amplifications were separated by electrophoresis, stained using ethidium bromide, and then photographed and interpreted for the presence of the four possible reaction products. Only enrichments that had stx 1 and/or stx 2 were considered positive for STEC and used in prevalence calculations.
Isolation of non-O157 STEC. The sample enrichments determined by PCR to contain stx 1 and/or stx 2 were assayed by spiral plating of samples onto plates of washed sheep blood agar containing mitomycin (wSBAm) (63) . Each enrichment was serially diluted to 1:500 and 1:5,000 in cold (4°C) buffered peptone water (BPW). Fifty microliters of each dilution was spiral plated, using an Autoplate 4000 spiral plater (Spiral Biotech, Norwood, MA), onto wSBAm plates. The plates were incubated overnight at 37°C and then viewed on a white-light box (VeriQuest 100; Photodyne Technologies, Inc., Northridge, CA) for colonies surrounded by zones of hemolysis. The suspect hemolytic phenotype was a thin zone of 1 mm or less surrounding the colony (5). However, many phenotypic variations of hemolysis not indicative of ehx were often present. In these cases, additional colonies representative of each variation were also picked for screening. A minimum of 4 colonies (if colonies were present) and a maximum of 6 colonies per sample were picked and placed into individual wells of 96-well screening plates containing 100 l TSB per well. After suspect colonies were picked, the wSBAm plates were placed at 4°C. The 96-well screening plates were incubated overnight at 37°C and screened by PCR as described above to identify stx-containing isolates. If at least one suspect colony from a sample did not contain stx 1 and/or stx 2 , the wSBAm plates were removed from 4°C and subjected to another round of suspect colony picking. The additional round of screening increased the number of isolate-positive samples by 15 to 20%. All stx-containing isolates were checked for purity by streaking for isolation on sorbitol MacConkey agar containing 5-bromo-4-chloro-3-indolyl-␤-D-glucuronide (SMAC-BCIG; Oxoid-CM0981; Remel Inc., Lenexa, KS). If more than one colony type was observed, each one was rescreened as described above until a pure culture resulted. All purified isolates of STEC were transferred to tryptic soy agar (TSA) plates for characterization.
Characterization of STEC isolates. All stx-containing isolates were confirmed to be E. coli by biochemical assays using Fluorocult LMX broth (Merck KGaA, Darmstadt, Germany) and SensiTiter Gram-negative ID panels (Trek Diagnostic Systems, Inc.) or API 20E strips (bioMérieux Inc., Hazelwood MO), all of which were used according to their manufacturers' recommendations. Once an isolate was established as being stx-containing E. coli, its serotype was determined by molecular and serologic identification of the O serogroup. PCR was used to molecularly identify O groups O26 (21), O45 (20) , O55 (20) , O103 (27) Previously described PCR methods and primers were used with isolates found to be positive for stx 1 to determine Shiga toxin subtype 1 or 1c (79) and with isolates found to be positive for stx 2 to determine Shiga toxin subtypes 2 (referred to here as 2a), 2c, 2d, and 2e (4, 80) . Isolates found to be stx 2 positive but nontypeable using the PCR methods are referred to simply as stx 2 positive. If an isolate contained more than one type of stx 2 allele, the subtypes are given in a combined notation (e.g., stx 2ac ), but no attempts were made to quantitate the number of each allele present. In a similar fashion, previously described methods were used with isolates found to be positive for eae to identify intimin subtypes ␣1, ␣2, ␤1, ␤2, ␥, ␦, ε, , and (6, 8) . Since this subtyping method is not inclusive of all defined subtypes, any isolate that was eae positive but that did not subtype is referred to as untypeable and presented simply as eae positive, without the subtype indicator. The presence of four genes associated with the large 60-MDa virulence plasmid, toxB, espP, katP, and etpD, was determined by PCR using previously described methods (15, 16) . Additional PCR-based assays were used to identify toxin-encoding genes (subA [53] , lifA [42] , cnf [7] , and astA [77] ), adherence-encoding genes (iha [64] and saa [52] ), and hemolysin genes (hylA [43] and chuA [34] ), in order to determine their distribution among the STEC isolates. Finally, the genes described for molecular risk assessment (19) associated with OIs 122 (genes nleB, nleE, and ent) 57 (genes G2-3, G5-2, and G6-2), 36 (genes nleC, H1-1, and nleB2), and 71 (genes nleG, nleG9, nleF, H1-2, nleA, and G2-1) were examined using the previously described PCR amplifications (19) . The serotypes and the rates of possession of the various pathogenicityrelated genes were combined to identify the seropathotypes of the STEC isolates (39) .
Statistical analysis. STEC isolates obtained by each study method were sorted according to serotype and screening PCR positive reaction pattern (stx 1 , stx 2 , eae, and ehx). Comparisons of percent isolation and mean isolation rate were examined using a one-way analysis of variance (ANOVA) and the Bonferroni multiple-comparison posttest. Comparisons of median values of the data sets were made using the Kruskal-Wallis test for nonparametric data and Dunn's multiplecomparison posttest. Comparisons of data sets with only two groups of values were made using either a two-tailed unpaired t test or the Mann-Whitney U test for nonparametric data. Interactions between study methods and isolate serotypes and/or screening PCR positive reaction patterns were examined by ANOVA factorial analysis using Prism (version 5) software (GraphPad Software, La Jolla, CA), and P values of Ͻ0.05 were considered significantly different. The DIFFER procedure of PEPI software (USD, Inc., Stone Mountain, GA) was used to calculate the pair-wise differences among the isolates in each STEC serogroup and each screening PCR-positive reaction, with significance being defined at a P value of Ͻ0.05.
RESULTS
The overall suggested prevalence of STEC in ground beef on the basis of the presence of either stx 1 or stx 2 was 24.3% (Table  1) . The samples were screened in each calendar month and were from numerous locations in 7 of the BIFSCo microbiological monitoring regions of the United States. The samples were submitted on a voluntary basis, and as such, their spatial and temporal distributions were nonuniform and the monthly and regional analyses produced wide-ranging results. The prevalence of stx in screened samples over time ( Fig. 1) showed that the mean monthly prevalence ranged from a low of 5.5% in May to a high of 38.4% in March. With few exceptions, comparisons of monthly prevalence levels of stx in the screened samples were not different. Examining the prevalence of stx in screened samples by region (Fig. 2) showed that the mean prevalence across regions ranged from 13.1% to 39.4%, with regions 7 and 8 having stx prevalence rates higher (P Ͻ 0.05) than regions 2 and 5.
The screening test of the samples provided the presence of intimin (eae) and the EHEC hemolysin (ehx), in addition to stx 1 and stx 2 ( Table 2 ). The least common screening result (7.8% samples) was for the presence of stx 1 alone, whereas just over half (53%) of the screened positive samples had only stx 2 . Intimin was present with stx in 41.5% of screened positive samples. Samples that screened positive for either stx 1 or stx 2 had similar proportions of samples that were also positive for eae: 34.6% and 37.6%, respectively. A larger proportion (48.9%) of samples (P Ͻ 0.05) that were stx 1 and stx 2 positive also contained eae. The presence of ehx was observed in 55.5% of the screened samples with stx, but the proportion of samples with ehx and with both stx 1 and stx 2 was significantly greater FIG. 1. Distribution of stx prevalence in commercial ground beef by month. The distribution of the monthly prevalence of stx in commercial ground beef samples is based on PCR screening for the presence of stx 1 and/or stx 2 over a period of 24 months (n ϭ 4,133). The mean (horizontal bars) and standard deviation (vertical bars) for each month are shown. Each point within a month represents a regional prevalence value. Note that only some regions are represented twice in each month. The STEC prevalence rate in May was significantly lower than the rates during March and November (P Ͻ 0.05). All other comparisons between months are not statistically significantly different (P Ͼ 0.05). 2 , regardless of the presence of eae or ehx, were subjected to the STEC isolation procedure, and 338 unique isolates resulted from 300 samples. Most samples yielded isolates of one serotype, but 32 positive samples yielded isolates of two different serotypes and 3 samples yielded isolates of three different serotypes. The rate of isolation of an STEC isolate in a screened positive sample was not different (P Ͼ 0.05) if the sample had screened positive for stx 1 , stx 2 , or stx 1 and stx 2 . Significantly fewer (P Ͻ 0.05) STEC isolates were recovered from samples that had screened positive for the presence of eae in addition to stx (22%) than from samples that had not screened positive for eae (35%). The isolation method targeted the enterohemolytic phenotype associated with ehx on blood agar (5); therefore, nearly twice as many STEC isolates (39% versus 20%) were recovered from samples that screened positive for ehx, even though colonies that demonstrated all types of hemolytic phenotypes were examined. Samples that yielded an isolate that screened positive for stx 2 and ehx made up the largest proportion of samples, while those that screened positive for stx 2 and eae made up the smallest proportion.
Numerous O serogroups were present. The most frequently identified serogroups, in order of frequency, were O113, O8, O22, O117, O163, O174, O171, O116, and O20. These nine serogroups represented 53% of all that were identified, while at least 33 serogroups made up the remaining 47%. The single most frequently identified serogroup was O113, to which 11% of all the isolates belonged. Fifty-six (16.7%) of the isolates were of an untypeable O group, indicating they were either outside the range of our typing system, rough, or serologically untypeable. The H-typing protocol used identified 22 different H types in 319 isolates. Nineteen isolates were H untypeable, indicating that they may have been outside the scope of our typing scheme, or were H negative or nonmotile.
In total, 99 different serotypes were identified and are provided as follows: O1:H11, O1:H19, O5:H7, O5:H14, O8: H8, O8:H16, O8:H19, O8:H25, O8:H49, O15:H27, O17:H45, O20:H7, O20:H19, O20:Hunt, O22:H8, O22:H11, O22:H19, O22:H49, O22:Hunt, O26:H11, O26:H21, O32:H40, O41:H11, O41:H25, O41:H2 (35) (44) , Ount:H46, Ount:H49, and Ount:Hunt. The serotypes identified most often were O113:H21 (9.5%), followed by O8:H19 and O117:H7 (4.4% and 4.7%). These serotypes were isolated from samples originating from five (O8:H19) and six (O113:H21 and O117:H7) of the regions.
The Shiga toxin of each isolate was characterized by molecular subtyping (Table 3) . Shiga toxin 1 variants were present in 138 of the 338 isolates, and Shiga toxin 2 variants were present in 296. Overall, 15 different patterns of stx genes were observed. The most common stx gene pattern was the sole pres- 
a The screening test detected the presence of the genes for Shiga toxins 1 and 2 (stx 1 and stx 2 ), intimin (eae), and EHEC hemolysin (ehx) in 65 g of commercial ground beef.
b STEC isolation was performed only on samples that screened positive for stx. The isolation method relied on identification of STEC on washed sheep blood agar. The most uncommon stx gene patterns present were those that included stx 1c and stx 2d . Three stx 1 genes were subtyped stx 1c . The stx 1c -containing STEC isolates were serotypes O15: H27, O104:H7, and O150:H8, the first two of which also carried stx 2c , while the last one, O150:H8, possessed only stx 1c . Shiga toxin 2d was present in a total of 6 STEC isolates. It was the only stx present in 3 of the isolates and was present with stx 2a and stx 2c in 2 and 1 of the remaining isolates, respectively. Serotypes that possessed stx 2d were O22:H8, O112:H2, O171: H2, and Ount:H7. There were 17 STEC isolates that possessed stx 2 , determined by the screening PCR, but they could not be subtyped. The nonsubtypeable stx 2 strains were therefore categorized stx 2x . There were 14 different serotypes in the stx 2x group, 3 of which were O113:Hunt.
Genes indicating the presence of the 60-MDa large virulence plasmid (ehxA, katP, espP, and etpD) were present in 293 and absent in 45 of the STEC isolates. The most common of these genes present were ehxA and espP, detected in 266 and 246 of the isolates, respectively. The genes for katP and etpD were rarely identified and were present only 5 and 4 times, respectively. Eight different patterns of the genes of the large virulence plasmid were observed, ranging from the presence of one to the presence of three of the genes. The most common patterns present were the combination of ehxA and espP, found in 218 isolates, and each of these markers alone: 41 isolates with ehxA and 25 with espP. No isolates contained all four markers, but 3 isolates did possess 3 of the genes. A serotype O163:H19 isolate contained the combination of ehxA-katPetpD, while isolates of serotypes O145:H28 and O26:H11 contained the combination of ehxA-katP-espP. Twenty-three serotypes were identified among the STEC isolates that lacked any markers for the large virulence plasmid. A third of the isolates that appeared to lack the large virulence plasmid were serotypes O171:H2, O22:H8, and O121:H7.
The intimin gene was present in nine of the isolates (see the table in the supplemental material). Subtyping of this gene showed that five variants could be identified. The intimin gene subtypes were specific within certain serotypes. The ␤1 subtype was found in a serotype O26:H11 isolate, the ␥ subtype was found in serotypes O145:H28 and O117:Hunt, and the ε subtype was present in 4 isolates of serotype O103:H2, while the subtype was present in serotype Ount:H25 and an untypeable intimin gene subtype was present in a serotype Ount:H8 isolate. These STEC isolates were recovered from samples originating from 4 different regions and between the months of October through May.
The intimin gene-containing isolates and an additional isolate of serotype O26:H21 were the only isolates to also possess any of the markers indicating the presence of virulence-associated OIs, OIs 122, 57, 36, and 71 (Table 4) . Three genes were screened for in OIs 122, 57 and 36, while six genes were targeted in OI-71. In this screening, between 2 and 10 of the OI genes were identified, indicating that 10 STEC isolates contained 2 to 4 of these OIs. One isolate of serotype O26:H11, four isolates of serotype O103:H2, and one isolate of serotype Ount:H8 had between 6 and 10 of these markers, indicating the presence of all 4 OIs. Only the O26:H11 STEC isolate had markers suggesting that complete OIs 122 and 57 were present. Two of the O103:H2 isolates contained markers suggesting that a complete OI-36 was present. All other OIs, when they were present in any of the isolates, were incomplete. Two isolates did not contain any markers indicating the presence of OI-36 but did contain portions of OIs 122, 57, and 71. These were serotypes O145:H28 and O26:H11. Out of all the genetic markers screened, nleB and nleE in OI-122, nleB2 in OI-36, G2-3 in OI-57, and nleF in OI-71 were the most frequently observed. Two markers in OI-71, H1-2 and G2-1, were not found in any of the STEC isolates and were found only in the E. coli O157:H7 control.
The STEC isolates were also screened for the presence of additional putative virulence factors (subA, lifA, cnf, and astA), adherence factors (iha and saa), and iron acquisition factors (chuA and hlyA) (see the table in the supplemental material). The subA gene was present in 49% of the STEC isolates, and no isolate that contained subA contained eae. The presence of subA was observed in 52 different serotypes, and in some cases the presence or absence of subA appeared to be a defining characteristic of a serotype. For instance, 88% of STEC O8: H19 isolates, 97% of STEC O113:H21 isolates, 100% of STEC O116:H21 isolates, and 100% of STEC isolates of serogroups O163 (H11, H19, and H46) contained subA, while 100% of STEC O91:H21 and O22:H8 isolates did not. 
a A total of 338 STEC isolates from ground beef were subjected to stx subtyping using PCR-based methods. The number(s) of isolates containing each pattern of stx subtype is shown. The copy number of each allele was not determined.
b stx 1 was subtyped to stx 1 A small number of STEC isolates contained lifA, cnf, or astA. Six isolates of serotypes O26:H8, O26:H11, and O103: H21 contained lifA. Five of these six isolates also contained eae and nle gene markers for OIs. Nine STEC isolates of 6 different serotypes contained cnf. Half of this group was made up of serotypes O8:H16 and Ount:H21. STEC isolates that contained cnf did not contain subA or astA and more commonly (7 of 9) contained only stx 1 . Seventeen STEC isolates contained allele I and/or allele II of astA. Two of the astA isolates containing STEC possessed allele I and were of serotypes O145: H28 and Ount:H16, while 14 STEC isolates contained allele I and were of 10 serotypes. One STEC isolate contained both alleles of astA, and this was the STEC Ount:H25 strain that contained eae subtype . The group of STEC isolates containing astA possessed varied types of stx genes. Another uncommon factor was chuA, which was present in 29 of the STEC isolates. STEC isolates of 21 different serotypes contained chuA, and there was no remarkable association with any of the other virulence factors examined.
A large portion of the STEC isolates contained iha (88%) and saa (73%). STEC isolates that did not contain iha were mostly nonremarkable, with the exception of STEC O103:H2 isolates, all of which contained eae and lacked iha. The saa gene was always present in the absence of eae and was more often found in isolates that also carried some portion of the large virulence plasmid (97%) compared to the incidence in those that lacked the large virulence plasmid (29%).
DISCUSSION
These studies were performed to determine the prevalence of STEC in commercial ground beef in the United States and to attempt to determine what proportion of such isolates may be significant pathogens. Commercial ground beef was the selected product because of its wide distribution to consumers and because it is formulated from varied beef source materials, including finely textured beef (FTB) and imported frozen lean boneless beef trim. Numerous providers from across the United States supplied samples for 24 months to generate as extensive and as representative of a sample pool as possible.
Screening of samples for stx genes showed regional and seasonal differences in their prevalence. However, we must warn against attempts to overinterpret these data. For instance, although the prevalence in May was statistically lower than the prevalence in March and November, the samples submitted for this month were more limited in number and location.
Analysis of the isolates by region showed that the most common serotypes of STEC could be found in all regions. The rate of STEC isolation by month in a region ranged from as low as 10% in regions 2 and 5 to as high as 60% in region 7. This variability in the rates of STEC isolation may be due to the load of STEC present in the samples. However, the use of methods to enumerate or measure the concentration of STEC before enrichment is not feasible in a large-scale study such as this. In future experiments, use of direct measurements or a most-probable-number (MPN) method should be considered to determine if such information can provide a reliable estimate of the STEC concentration in a sample.
Screening for the presence of stx 1 and stx 2 by PCR may not have been the best method for the initial determination of the prevalence of STEC, since other bacteria can carry the stx genes. Our results were similar to those that reported a 23% stx gene prevalence in samples of beef collected from grocery stores in Seattle, WA (61) . In studies of minced meat and beef samples from France, the prevalence was found to be 15% in one study (57) and only 11% in another (59) . Sixteen percent of ground beef samples examined in an Australian study (3) were reported to contain stx genes. The studies listed for comparison used geographically limited sampling areas. If the results are limited to only one sample set from one supplier, we observed stx prevalence rates that ranged from 0% to 100%. The prevalence of STEC in ground beef samples appears to be highly variable, and the factors contributing to this are an area for continued study.
All samples that screened positive for stx 1 and/or stx 2 were taken forward for the isolation of STEC. The rates of isolation of STEC from eae-and ehx-positive samples varied (Table 2) . These values are higher than those previously reported by our group when an alternative STEC isolation method (colony 
؉ ؉ a A total of 338 STEC isolates from ground beef were analyzed for the presence of the four OIs shown. Any isolates containing a genetic marker indicating the presence of an OI are listed.
b Within OI-71, six genes were targeted (nleG, nleG9, nleF, H1-2, nleA, and G2-1), but H1-2 and G2-1 were not detected in any isolate; therefore, these markers are not listed.
c All other STEC isolates contained intimin (eae), whereas this isolate contained subtilase (subA).
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hybridization) was used (1) . There are several potential reasons that not every PCR-positive sample produced an STEC isolate. (i) Other species of bacteria besides E. coli can possess stx genes; therefore, the positive PCR signal may not have been from an STEC isolate. (ii) PCR can detect one copy of the stx genes; therefore, the concentration of STEC in the samples may have been too low to recover an isolate while still producing a positive PCR signal. (iii) The isolation method relied upon hemolytic phenotypes, but some STEC isolates do not posses either ehx or other hemolysins (13) . There are admitted limitations to the methods used in this study. The serotyping scheme was limited to the 70 VTEC O antisera available, and the H typing was based on sequencing of only fliC. Therefore, the numbers of O-untypeable and Huntypeable results were likely greater than would be reported if alternative serotyping methods had been used. Our other characterization methods relied on PCR amplification of genes and did not follow up on PCR-negative strains by testing with a secondary method such as hybridization to determine if a factor was indeed absent due to the large number of STEC isolates that were recovered for characterization.
The most frequent serotype identified in ground beef was O113:H21. This serotype was isolated from multiple independent sources over multiple months of sample collection. STEC isolates of this serotype were associated with a cluster of three HUS cases in Australia in 1998 (56), but they are rarely implicated in human disease in the United States (13) . Without a direct comparison between our O113:H21 isolates and the Australian strains, it is difficult to determine why such a prevalent STEC strain is not more frequently reported in the United States. One isolate each of O145:H28 and O26:H11 was found in the ground beef samples. STEC isolates of these serotypes are considered frequent and significant sources of human disease (13) , suggesting that those infections may not necessarily be from beef.
The virulence of STEC is a multifactorial trait that is not fully understood, and the genetic markers that define a pSTEC strain need to be determined. We attempted to use known and suggested virulence factors to characterize and identify those STEC isolates most likely to be pSTEC or defined as a seropathotype B or C isolate (39) .
The first trait examined was the stx subtype. A number of studies have documented that Shiga toxin subtypes stx 2a and stx 2c are more often associated with HUS (17, 23), while stx 2d and stx 2e are less often associated with HUS (35, 37) . The subtyping method used was based on PCR amplification of unique regions of the stx 2 and stx 1 (stx 1c ) genes. Although the use of PCR-restriction fragment length polymorphism (PCR-RFLP) has often been described for subtyping of stx variants (4), we prefer the PCR amplification methods used here because PCR-RFLP is vulnerable to single-nucleotide changes and the results can be difficult to interpret if an isolate contains more than one subtype of stx, as was often seen in the ground beef STEC isolates.
The most frequently observed stx 2 variant in our isolates was stx 2a , seen in 222 of the isolates, followed by stx 2c in 130 isolates. These two stx variants were present together in 74 isolates of numerous serotypes. The presence of multiple alleles of stx is not an uncommon feature of STEC (58) but has been described to be significantly less frequent in non-O157 STEC than O157:H7 isolates (23, 29) . The least common stx 2 subtype was stx 2d . The mucus-activatable stx, stx 2d , has been associated with severe human disease and has been described to have limited occurrence in cattle reservoirs (30, 65, 80) . Its rate of occurrence in isolates originating from cows and beef was shown to be 6 of 153 isolates, or 3.9% (80) . Our study showed stx 2d to be present at half this rate, 1.8% of all STEC isolates recovered. This is most likely due to the fact that all of our isolates were from ground beef, whereas the previous study also included isolates from humans, which may have skewed the prevalence upward. Two of the stx 2d STEC isolates in our study were serogroup O22, a serogroup that has previously been described to carry this stx variant (80) .
Unlike stx 2 , stx 1 has few easily identifiable subtypes. Subtype 1c has been described to be commonly found among STEC isolates from sheep but seldom among those from cattle (12) and has also been isolated from asymptomatic or mildly ill humans (48) . There were only 3 stx 1c -containing isolates found in our study (a low percentage of the total), and they were found in serotypes O15:H27, O104:H7, and O150:H8. To the best of our knowledge, these serotypes have not previously been reported to contain stx 1c .
Most of the primary virulence determinants of STEC are chromosomally encoded. These include the Shiga toxin variants and the LEE, as well as other OIs. However, plasmids have been described as playing role in the pathogenesis of STEC-related disease (38) . The 60-MDa plasmid, also termed pO157, because it is found in nearly all clinical O157:H7 isolates from humans (44, 50) , contains numerous genes associated with STEC pathogenesis. Reports correlate this large virulence plasmid with the hemolytic activity of ehx and adherence to intestinal epithelial cells through other genes (66) . STEC isolates of different serotypes are known to harbor large plasmids, and the large plasmids of STEC are not uniform genetic elements but heterogeneous in both their gene composition and arrangement (15, 38) . However, their necessity to conferring virulence may be arguable because the pO157 plasmid from sorbitol-fermenting E. coli O157:H7 lacks katP, espP, and toxB (14) . The heterogeneous nature of the large virulence plasmid was borne out by our results. Our analysis of the large virulence plasmid in the STEC isolates from ground beef showed that there were at least eight variations present on the basis of the presence of the five genetic markers examined. None of the STEC isolates that contained the large virulence plasmid possessed the toxB gene. Other reports have described toxB to be the least frequent of these genes in non-O157 STEC isolates (18) .
Other toxins reported to contribute to the virulence of STEC and the severity of STEC disease have been described. These include subA (53, 54) , astA (25, 40, 71, 78) , and cnf (7) . subA is the prototype subtilase cytotoxin that was detected in a LEE-negative O113:H21 STEC strain that was responsible for a 1998 outbreak of HUS in Australia (56) . subA is a highly potent and lethal subtilase cytotoxin that is unrelated to any bacterial toxin. Khaitan et al. (41) found a significant number of subA-positive STEC isolates among North American STEC isolates, whereas Wolfson et al. (75) did not. Nearly one-half of our STEC isolates (49%) contained subA, which is greater than the proportion reported by Khaitan et al. (41) , who found that 6 of 24 (25%) cattle isolates contained subA. Heat-stable en- Ϫ . The prevalence of astA in ground beef STEC isolates was infrequent, being found in 17 isolates (5% of STEC) which were of 13 different serotypes. The serotypes of STEC isolates containing astA recovered from ground beef were not the same as any of those described for swine. cnf encodes a pair of toxins produced by uropathogenic E. coli strains that mediate its effects via the activation of small GTP-binding proteins. We used a global primer set that did not distinguish between the two (cnf1 and cnf2). Nine (2.7%) of the STEC isolates possessed cnf, and this low rate of prevalence in STEC is not uncommon (7, 49) .
Several other factors that increase the ability of STEC to adhere to hosts and establish an infection have been described in STEC (67) . These include ToxB (66), Saa (55), Iha (64) , and Efa1, also termed LifA (47) . These adhesins are encoded either in the large plasmid harbored by STEC strains or in chromosomal OIs. ToxB and Saa are plasmid encoded, and an association between the presence of saa and enterohemolysin gene ehx has been reported (55) . Iha is encoded in OIs 43 and 48, while Efa1 is encoded in OI-122 (39) . Therefore, our observations that the occurrence of these genes correlates with the presence of the large virulence plasmid or with the presence of some of the OI genetic markers are not surprising.
In E. coli O157:H7, the gene chuA codes for a 69-kDa outer membrane protein responsible for heme uptake (68) . ChuA is thought to contribute to the colonization of human hosts and to the pathogenicity of E. coli strains causing extraintestinal infections. Hoffmann et al. (34) reported that 30% of E. coli strains isolated from the environment and about 70% of E. coli strains isolated from human sources carried chuA. The chuA gene was present in 29 (8.6%) of the STEC isolates in this study, and many were of serotypes associated with HUS or severe human disease, including an O145:H28 isolate and an O103:H2 isolate. Therefore, chuA may serve as a useful marker to identify pSTEC.
After the molecular risk assessment profile described by Coombes et al. (19) was applied, only 10 STEC isolates that contained some genetic determinants were identified, indicating the presence of at least a portion of OI-122, OI-57, OI-36, and/or OI-71 as well as other significant virulence factors (Table 5). As expected, isolates that were O26:H11, O103:H2, and O145:H28 were identified to possess 4 to 10 of the genetic determinants and all 4 OIs, except for O145, in which OI-36 was absent. Additionally, this screening indicated that STEC O26:H21, O117:Hunt, Ount:H8, and Ount:H25 contained some of these genetic determinants as well. Efforts to focus primarily on the six most frequent serogroups of STEC may not identify these additional potentially pathogenic STEC isolates. The analysis which assigned STEC isolates to seropathotypes showed that only 3% contained any portion of an OI associated with disease, suggesting that they belong to seropathotype group B or C (severe disease potential). This implies that 97% of STEC isolates from beef belong in low-incidence and no-severe-disease-seropathotype groups D and E.
Seropathotype groups B and C were found in all regions at least once. However, these categories of isolates were not found in July, August, or September, which are the high-prevalence months for E. coli O157:H7. Since some non-O157 STEC isolates have been described to cross-react with commonly used E. coli O157:H7 molecular detection tests (2), it is possible that the industry practice of E. coli O157:H7 test and hold reduced the prevalence of these pathogens during that time period as well. The most frequently isolated serotype of pSTEC was O103:H2. This serotype was isolated from samples originating in 3 different regions (regions 5, 7, and 8). Only one of these O103:H2 isolates was positive for stx 2c ; all others contained only stx 1 . All contained intimin of subtype ε. This is the most prevalent of the top six serogroups found in this study. Much attention is currently being placed on the development of tests for detection of the most common human disease-related STEC isolates. The most recently proposed methods released by the USDA Food Safety Inspection Service (70) state that enrichments should be screened for stx and eae. In this study, four of the STEC isolates of the greatest pathogenic potential were isolated from enrichments that had initially screened negative for eae. Had a positive screen for eae been a selection criterion, one STEC O26:H11 isolate and two O103:H2 isolates would have gone undetected.
Of the six most frequent STEC serogroups found in human disease, only isolates of serogroups O26, O103, O121, and O145 were identified in ground beef. Further, a number of these isolated STEC isolates lacked virulence factors associated with severe disease. An additional O26:H21 isolate and O103:H21 isolate that contained Shiga toxins but few of the other virulence factors were isolated in our evaluation. Nine STEC O121 isolates of four H types (H7, H8, H16, and H19) were isolated. Only two contained subA and four possessed saa and genes of the large virulence plasmid, which are not enough to raise them to the category of pSTEC or seropathotype group B or C. Narrowly focusing on only the described top six STEC serogroups (13) will identify numerous isolates of little pathogenic concern, while it will miss others that should not go unnoticed.
In conclusion, from 4,133 samples of U.S. commercial ground beef, we have determined that the prevalence of STEC may be as high as 24.3% and was confirmed in 7.3% of the samples. When the 338 resulting isolates were narrowed down to those most likely to be pSTEC or in seropathotype group B or C, the prevalence rate was reduced to 0.24%. On the basis of the virulence factor analysis and our best judgment of the data analysis, we believe that screening of ground beef enrichments for some combination of stx 1 , stx 2 , ehx, eae, subA, chuA, nleB, and nleF may be a good approach to identifying samples that might harbor pSTEC. However, further work is needed to validate this approach. 
